Abstract-We have investigated the band structures of liquid-crystal photonic crystal fibers by using the finite-difference frequency-domain method. The gap maps of the photonic crystal cladding with the liquid crystal molecules aligned at variant directions can be successfully obtained. The characteristics of the band structures of the liquid-crystal photonic crystal fibers are also discussed.
INTRODUCTION
Photonic crystal fibers (PCFs) [1] with air holes along its entire length have attracted many research efforts for their amazing photonic bandgap (PBG) effect which can be utilized to control the propagation of light. Many applications have been proposed based on the PCF structures and two kinds of guiding mechanisms have been investigated. One is the index-guiding PCFs [1] which have high-index cores and light can be guided in the center core by totally internal reflection (TIR). Another kind of PCFs is the photonic bandgap fibers (PBGFs) [2] which have low-index cores. Light can only be confined in the core region for the existence of the PBGs which result from the periodic structure in the fiber cladding.
Recently, many optical devices based on the nematic liquid crystals (LCs) have been proposed for the tunable optical properties of the LCs. By adjusting the external electric field or the operation temperature, the refractive index of the LCs can be varied to modify the performance of the optical devices. Liquid-crystal photonic crystal fibers (LCPCFs) with LCs filled in the air holes of PCFs also attract a lot of interests for their tunable PBG effects coming from the LCs [3] [4] [5] . In order to develop more useful devices based on the LCPCFs, it is essential to understand the propagation properties of a LCPCF, especially the band structures. In this paper, we will investigate the band structures of the LCPCFs with various alignments of the LC molecules for further optical applications.
FORMULATION AND ANALYTICAL METHOD
To analyze the band structures of the LCPCFs, we use the finite-difference frequency-domain method which has been adopted in the analysis of 2-D PCs [6] . Fig. 1(a) shows the cross section of a LCPCF with the LCs filled in the entire cladding region. The corresponding unit cell of the PC cladding is demonstrated in Fig. 1(b) with the lattice constant and the air-hole liguidcrystal diameter of the LCPCF being Λ and d, respectively. To analyze the band structures of the LCPCF, we only consider the unit cell associated with the periodic boundary condition (PBC) for the periodic geometry of the PC cladding. In order to implement the FDFD method, we start with the Maxwell's equations:
where µ 0 and ε 0 are the permeability and permittivity in free space, respectively, ε r is the relative permittivity of the dielectric medium, and ω is the angular frequency. Using the central difference scheme with Yee's mesh which is frequently used in the FDTD method, Eq. (1) can then be discretized and expressed in the matrix form
where I is an identity matrix and E x , E y , E z , H x , H y , and H z are vectors composed of the electromagnetic field components at the grid points. U x , U y , V x , and V y are square matrices determined by the central difference scheme and the PBC. In order to take ainsotropic materials into account, the relative permittivity is expressed in the tensor form as shown in Eq. (2).
After some mathematical work, we can obtain an eigenvalue matrix equation in terms of the electric field
where
Since the optical axis of the LC molecules can be easily rotated by the external electric field, the components of the relative permittivity tensor of the nematic LCs should be expressed as
where n e and n o are the extraordinary and ordinary dielectric indices which satisfy n e > n o . θ and Φ represent the angles of the optical axis of the LCs to the x-y plane and the x-axis, respectively. By varying the value of the propagation constant β and solving the eigenvalue equation in Eq. (3), the frequencies of the existing hybrid modes on the PC cladding can be found. The gap map of the PC cladding can then be obtained by plotting the relationship between λ/Λ and effective modal index n eff which can be deduced from n eff = β/k o .
RESULT OF SIMULATION
We first consider the LCPCF with d/Λ being 0.4 and the index of the background is 1.6. The nematic LCs we adopted is the nematic E7 with the extraordinary and ordinary indices being 1.75 and 1.52, respectively. Assuming that the optical axis of the LCs is aligned transversely along the y direction, which implies that θ = 0 and Φ = π/2, we can then obtain the dielectric tensor ε = diag(n o , n e , n o ) from Eq. (5). Applying the FDFD method with 50 grid points utilized in each lattice constant, the gap map of the LCPCF can be obtained as shown in Fig. 2 . The radiation line denotes the lowest order mode existing in the PC cladding and the gray regions represent the PBGs. The circles in Fig. 2 are the results obtained by the plane wave expansion (PWE) method [7] . Very good agreement can be observed, showing the reliability of our method.
According to the waveguide theory, the guided modes in the core region must have n eff slightly smaller than the refractive index of the core. In order to support the guided modes in the core of the LCPCF, the PC should have PBGs extending below the core line indicated in Fig. 2 . We can also see that several PBGs extend below the core line which is suitable to be utilized to guide light on the LCPCFs. By applying suitable electric field to make the LC molecules aligned along the x direction, that is θ = 0 and Φ = 0, the dielectric tensor becomes ε = diag(n o , n o , n e ). The corresponding gap map of the PC cladding is presented in Fig. 3 . Since what we consider is the hybrid modes, similar gap map can be observed with several PBGs extending below the core line. Figure 4 (a) shows the gap map of the PC cladding as we rotate the LC molecules to let θ = π/6 and Φ = π/4. Comparing with the results in Fig. 2 , one can see that the effective indices of the existing modes on the PC cladding are decreased due to the LC molecules being no more transversely aligned, which reduces the effective index of the PC cladding in the transverse direction. Besides, few PBGs can be observed to extend below the core line, which implies that fewer transmission bands can be found in the output spectrum of the LCPCF. If we further increase the value of θ to be π/4, the calculated gap map is demonstrated in Fig. 4 (b) . Similarly, cladding modes with smaller effective indices and fewer guiding regions can be observed. From these calculated results, one can see that the alignment of the LC molecules indeed has a great influence on the band structures of the LCPCFs. The transmission spectrum of a LCPCF could be dramatically varied by applying the external electric field to rotate the LCs. To design optical devices based on the LCPCFs, one should carefully figure out the corresponding band structures and our method is shown to be helpful in designing the related devices.
